An investigation into the high-pressure behaviour of YAlO 3 perovskite was conducted using first-principles calculations based on density functional theory within the generalized gradient approximation. Five candidate phases were considered, Pbnm, Cmcm, I 4/mcm, P4/mbm and Pm3m respectively. Our results demonstrate a phase transition of YAlO 3 from Pbnm to I 4/mcm at 80 GPa and 0 K, and no tendency to the cubic phase or the post-perovskite phase in our pressure range. This high-pressure behaviour of YAlO 3 is similar to that of CaSiO 3 . The pressure dependence of the distortion of AlO 6 octahedra is described by the octahedral tilting and rotation angles, the tolerance factor, the polyhedral volume ratio and the valence charge density. We also summarize the relations between tolerance factor, bulk modulus and radius of the A-site in Pbnm-AAlO 3 systems.
Introduction
Oxide perovskites with the general formula ABO 3 are of great interest in materials science due to diverse physical properties [1] , and in Earth sciences due to perovskite-type (pv) (Mg, Fe)SiO 3 , believed to the most abundant mineral in the Earth's lower mantle [2] . The ideal perovskite structure has Pm3m symmetry with the A cation in the centre of a cube defined by eight corner-sharing BO 6 octahedra. However, most perovskites are derived from the ideal via the titling and distortion of the BO 6 octahedra, and they are of lower symmetries such as tetragonal and orthorhombic. The effect of increasing pressure or/and temperature on the tilting of the octahedra might lead to phase transformations between orthorhombic, 3 Author to whom any correspondence should be addressed.
rhombohedral, tetragonal and cubic symmetries, such as the sequence of phase transition (Pbnm-I 4/mcm-Pm3m) in SrZrO 3 [3] and CaTiO 3 [4, 5] at elevated temperatures, and the structural distortion of CaTiO 3 under compression [6, 7] . Since the discovery of MgSiO 3 postperovskite (ppv) phase with the CaIrO 3 structure (Cmcm) under conditions approaching those of the lowermost mantle [8] [9] [10] , which could explain some of the observed phenomena in the D layer, interest in the pressure-induced phase transitions of perovskites has become more popular [7, [11] [12] [13] [14] [15] .
Published data show that the most important components of the Earth's lower mantle, MgSiO 3 and CaSiO 3 , show different behaviour of structural phase transitions under compressions, i.e. MgSiO 3 undergoes a pv-to-ppv phase transition [8] [9] [10] , whereas CaSiO 3 transits into a tetragonal phase [16] . As a structural analogue, the orthorhombic YAlO 3 (Pbnm) has been investigated with respect to the high-pressure behaviour by Ross et al [17, 18] , although with both cations having a formal charge of +3 it is different from MgSiO 3 and CaSiO 3 . The first study up to 4 GPa suggested that AlO 6 octahedra are more compressible than the YO 12 site and that the Al-O-Al octahedral tilting decreases with pressure [17] . The second study up to 8.5 GPa with high precise resolution verified that the structure of YAlO 3 perovskite becomes less distorted with increasing pressure [18] . The same behaviour is also observed in GdAlO 3 perovskite, and it was further predicted that a possible transition occurs at 12 GPa from orthorhombic to tetragonal symmetry [19] . The orthorhombic perovskites LaFeO 3 and PrFeO 3 are both also reported that they undergo a first-order phase transition to a new high-pressure phase, a proposed tetragonal structure [20] . Recently, Zhao et al used the bond valence concept to develop a model (the relative compressibilities of the octahedral and dodecahedral cations sites in the perovskite structure) that predicts the structural behaviour of the oxide perovskites at high pressure [21] . According to this model, most perovskites with A 3+ B 3+ O 3 become less tilted and the structures evolve towards a higher-symmetry configuration. However, an ab initio study of ScAlO 3 showed that the Pbnm phase is stable relative to the cubic structure up to pressures of ∼200 GPa and temperatures of ∼800 K [22] . Until now, few high-pressure phases (space group) have been determined and characterized for A 3+ B 3+ O 3 perovskites. Available data show that there are several candidate high-pressure phases for the Pbnm-perovskites: I 4/mcm observed in CaSiO 3 [16] , P4/mbm and Pm3m predicted by group-subgroup relationships [23, 24] , and post-perovskite Cmcm found to be stable for MgSiO 3 [8] [9] [10] .
In this paper, therefore, we will select YAlO 3 as our object, and consider all the different phases, either those experimentally detected or those proposed by analogy with other compounds, with an aim to fully characterize ambient and high-pressure phases of YAlO 3 . We will present a fully ab initio calculation method based on density functional theory (DFT), which is a very accurate method for solving the total energy problem and which has been proven to be successful in studying phase transitions in our previous work [7, 25, 26] . We will compute the equation of state for each phase, as well as the transition pressures between them, provide insight into the atomistic controls on the structural changes, and further discuss and summarize the high-pressure behaviours of A 3+ AlO 3 perovskites. The rest of this paper is organized as follows: the calculation methods and the system are described in section 2; results and discussion of the structural stabilities under high pressures are presented in section 3; finally a brief conclusion is given in section 4.
Calculation method
Five candidate phases of YAlO 3 were designed: Pbnm, Cmcm, P4/mbm, I 4/mcm and Pm3m respectively. We used the experimental unit cell parameters or those of analogue materials as the initial models for the above phases. Figure 1 represents the schematic crystal structures of candidate phases of YAlO 3 . The first-principles calculations performed in this paper are based on density functional theory (DFT). The total energies have been calculated within the full potential augmented plane wave (FPAPW) + local orbitals (lo) method, implemented in WIEN2K code [27] . The effects of the approximation to the exchange-correlation energy were treated by the generalized gradient approximation (GGA) [28] . In order to increase the reliability and make a reasonable comparison, we used the same radius of the muffin-tin sphere for the same kind of atom in all calculations. The muffin-tin radii of Y, Al and O were chosen to be 1.6, 1.5 and 1.7 au respectively. In the APW calculations, we set the energy threshold between core and valence states at −8.0 Ryd. For the number of plane waves, the criterion used was muffin-tin radius multiplied by K max (for the plane waves), yielding a value of 7.0. 500 k-points were specified in the whole Brillouin zone (BZ). For each crystalline phase, we calculated the minimum total energy of the unit cell for a number of different volumes. We did not perform the structure optimization of the Pm3m phase, but just specified the convergence criterion (the different charge <0.0001) in the self-consistency cycle. In other phases, we optimized the lattice parameter ratios (b/a and/or c/a) for each volume and relaxed all independent internal atomic coordinates until the forces on every atom were below a tolerance value taken as 1 mRyd/bohr. Once the minimum total energies of every phase are obtained at different volumes, they are fitted to the Murnaghan equation of state [29] , as below:
where B 0 and B 0 are the bulk modulus and its derivative respectively, E 0 is the ground-state total energy and V 0 is the equilibrium volume. On the other hand, the relevant thermodynamic potential is the Gibbs free energy G, and the stable structure is the one with the lowest G. In this study the temperature is limited to T = 0 K, so G is equal to the enthalpy H , as follows:
If a transition between two phases occurs, in both phases G will be equal at the transition pressure P T . Alternatively, the transition pressure may be obtained as the negative slope of the common tangent between the two E tot (V ) curves.
Results and discussion
We optimized the structures and obtained the ground-state lowest total energies. Figure 2 shows the total energy versus volume curves for the five phases of YAlO 3 . The solid lines are the fit of the computed data using the Murnaghan equation of state (equation (1)). The theoretical ground-state parameters obtained are listed in table 1, which also includes the available experimental data for comparison. It is clear that the theoretical values agree very well with the experimental values; for example, the estimated errors are within 3% for the equilibrium volumes, which is typical for ab initio DFT methods. As is seen in figure 2 , the lowest energies (empty squares) correspond to the Pbnm phase, it being the most stable structure at ambient conditions. When the average volume per atom is smaller than 8Å 3 , the E-V cures of Pbnm and I 4/mcm phases nearly superpose, which indicates that a phase transition occurs from Pbnm to I 4/mcm. According to the G-P curves (the inset of figure 2), the phase transition pressure is 80 GPa. At this critical pressure, the volume collapse is only 0.62%. The above information indicates that the Pbnm-to-I 4/mcm transition is of near second order, whereas the discontinuous lattice constants are observed evidently in figure 3 . In addition, Pbnm is not a subgroup of I 4/mcm [23, 24] , which also means that the Pbnm-to-I 4/mcm phase transition is required to be first order, based on symmetry considerations. This transition has been confirmed to be first order in the SrRuO 3 case [30] . In a word, Pbnm-YAlO 3 undergoes a first-order transition to the I 4/mcm phase at high pressure. However, the other phases (P4/mbm, Pm3m and Cmcm) are unstable in the present pressure range at 0 K; for example, the Gibbs free energies of Pm3m are still higher than those of I 4/mcm up to 142 GPa. Previous studies have shown that the distortion degree of perovskite is often described by the following parameters: the BO 6 octahedral tilting and rotation [31, 32] , the tolerance factor (t) [33] , and the polyhedral volume ratio V A /V B , where V A is the volume of the A-site polyhedron and V B is that of the B-site polyhedron [34] [35] [36] 
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• , 1 and 5 respectively. According to the optimized atomic coordinates, we calculated the above parameters of both Pbnm and I 4/mcm at diverse pressures. Figures 4 and 5 show that the four parameters of Pbnm-YAlO 3 increase with the applied pressure, towards the ideal values, indicating that pressure decreases the YAlO 3 structural distortion, which is consistent with the experimental results [17, 18] and the theoretical model prediction [21] . At the phase transition pressure, there are abrupt increases for the parameters except the Al-O2-Al. In 3 show a very slight decrease with increasing pressures from 82 to 116 GPa, and the c/a ratio rises slightly with pressure, which indicates that pressure enhances the I 4/mcm-YAlO 3 structural distortion. This is consistent with a phase transformation from I 4/mcm to Pm3m not occurring under high pressure at 0 K. Despite the increasing distortion of the I 4/mcm phase, there is no tendency to evolve to the Cmcm (ppv) phase with more distortion. The energy difference between I 4/mcm and Cmcm (figure 2) is large enough to say that this phase does not yet occur. The same behaviour is also observed in I 4/mcm-CaSiO 3 under compression [16] .
AAlO 3 (A = Sc, Y, Sm, Gd, Tb and Ho) all have the Pbnm structure at ambient conditions. Both experimental and theoretical calculation results indicate the distortion of orthorhombic YAlO 3 and GdAlO 3 decreasing with pressure. However, the distortion of Pbnm-ScAlO 3 shows no significant change with increasing pressure [38] . The reason is that the experimental pressure is too low to distinguish the slight change, only 5 GPa. Ab initio calculations show that the Pbnm-ScAlO 3 does not transit into the Pm3m phase up to 200 GPa, like the behaviour of YAlO 3 in our calculations, but pressure dependence of the distortion was not analysed and the tetragonal phases were not considered in their work [22] . According to the model prediction of Zhao et al [21] , the distortion of Pbnm-ScAlO 3 also decreases with increasing pressure. Figure 7 illustrates the linear increase relation between the tolerance factor and the radius of A 3+ (VIII), which indicates that the distortion of Pbnm-AAlO 3 decreases with increasing the radius of the A-site. Connecting with the above discussion, thus, we can conclude that it is more difficult to evolve towards a higher-symmetry configuration under compression for AAlO 3 with The relations between tolerance factor, bulk modulus and radius of the A-site in PbnmAAlO 3 systems. The calculation method for the tolerance factor is the same as in figure 4 . Solid square and circle: our calculations; solid diamond: theoretical result of [22] ; open square and circle: experimental data for ScAlO 3 [38] , YAlO 3 [18] , GdAlO 3 [19] , HoAlO 3 (ICSD-39606), TbAlO 3 (ICSD-84422), and SmAlO 3 (ICSD-10334). The radii of A 3+ (VIII) are from [39] . The dashed line is the least-squares fit of the tolerance factors using a linear A 3+ (VIII)-dependent function. smaller radius of the A-site; for example, the phase transition pressure for YAlO 3 is 80 GPa, larger than that for GdAlO 3 (an extrapolated value of 12 GPa). In figure 8 , we also display the available values of bulk moduli of Pbnm-AAlO 3 versus the trivalent cation radius. Due to the limited available data, a quantitative relation is not obtained, but the qualitative trend is that the bulk modulus is smaller with the cation radii being bigger.
Because of their being structural analogues and having similar high-pressure behaviour, it is interesting for orthorhombic ScAlO 3 and YAlO 3 to be compared with orthorhombic CaSiO 3 perovskite. The pressure-volume equation of state of these three perovskites is plotted in figure 7 . Our results (solid squares and black solid line) are in excellent agreement with the experimental data for YAlO 3 , as presented by the empty squares. The curves for both Pbnm and I 4/mcm of CaSiO 3 are continuous; there is no volume collapse at the critical pressure (14.2 GPa). The closeness between the ScAlO 3 curve and the CaSiO 3 curve indicates that the properties of ScAlO 3 can reasonably approximate those of CaSiO 3 . Theoretical calculations have predicted that YAlO 3 and CaSiO 3 undergo a pressure-induced phase transition from Pbnm to I 4/mcm, thus we boldly predict that ScAlO 3 has the same behaviour under compression.
Conclusion
In conclusion, ab initio calculations based on DFT within the GGA present a phase transition of YAlO 3 from Pbnm to I 4/mcm at 80 GPa and 0 K, and no tendency to the cubic phase or the post-perovskite phase in our pressure range. The pressure dependence of the distortion of AlO 6 octahedra was described in detail by the octahedral tilting and rotation angles, the tolerance factor, the polyhedral volume ratio and the valence charge density, which is that pressure decreases the Pbnm-YAlO 3 structural distortion, in contrast to enhancing that of I 4/mcm slightly. We summarize the relations between tolerance factor, bulk modulus and radius of Asite in Pbnm-AAlO 3 systems, which are that the t versus radii shows a quasi-linear increase, and the bulk modulus is smaller with the cation radii being bigger. The high-pressure behaviour of YAlO 3 is similar to that of CaSiO 3 . We also predict that ScAlO 3 has the same behaviour and that its properties can approximate those of CaSiO 3 .
